Autophagy is now known to be an essential component of host innate and adaptive immunity. Several herpesviruses have developed various strategies to evade this antiviral host defense. Herpes simplex virus 1 (HSV-1) blocks autophagy in fibroblasts and in neurons, and the ICP34.5 protein is important for the resistance of HSV-1 to autophagy because of its interaction with the autophagy machinery protein Beclin 1. ICP34.5 also counteracts the shutoff of protein synthesis mediated by the doublestranded RNA (dsRNA)-dependent protein kinase PKR by inhibiting phosphorylation of the eukaryotic translation initiation factor 2␣ (eIF2␣) in the PKR/eIF2␣ signaling pathway. Us11 is a late gene product of HSV-1, which is also able to preclude the host shutoff by direct inhibition of PKR. In the present study, we unveil a previously uncharacterized function of Us11 by demonstrating its antiautophagic activity. We show that the expression of Us11 is able to block autophagy and autophagosome formation in both HeLa cells and fibroblasts. Furthermore, immediate-early expression of Us11 by an ICP34.5 deletion mutant virus is sufficient to render the cells resistant to PKR-induced and virus-induced autophagy. PKR expression and the PKR binding domain of Us11 are required for the antiautophagic activity of Us11. However, unlike ICP34.5, Us11 did not interact with Beclin 1. We suggest that the inhibition of autophagy observed in cells infected with HSV-1 results from the activity of not only ICP34.5 on Beclin 1 but also Us11 by direct interaction with PKR.
M
acroautophagy (here referred to as autophagy) is an evolutionarily conserved self-eating mechanism (1) . The process starts with the formation of a vacuole, known as the autophagosome, that sequesters cytoplasmic components and subsequently fuses with a lysosome. Autophagosome formation is dependent on the hierarchical activity of ATG (autophagy)-related proteins (2) . Autophagy is now known to be essential for tissue homeostasis and development, and defective autophagy is associated with a number of diseases (3, 4) . During the course of an infection, viruses often interact with proteins that execute autophagy. Autophagy and/or autophagy genes probably have both antiviral and proviral effects in the life cycles and pathogenesis of many different virus families (5) (6) (7) . With respect to their antiviral effects, the autophagy proteins target viral components or virions for lysosomal degradation in a process termed xenophagy (8) , and they also play a role in initiating innate and adaptive immune system responses to viral infections (5, 9) . In response to the antiviral effect of autophagy, some viruses encode virulence factors that interact with the host's autophagy machinery and block the execution of autophagy (6, 10) . In contrast, other viruses appear to utilize components of the autophagic machinery to foster their own intracellular growth or nonlytic cellular egress (6) .
Viruses of the Herpesviridae family have developed strategies to downregulate autophagy although the varicella-zoster virus does not seem to encode any autophagy inhibitors (11, 12) . The herpes simplex virus 1 (HSV-1) ICP34.5 protein (13) , the viral homologs of Bcl-2 of Kaposi's sarcoma herpesvirus and murine gammaherpesvirus 68 (␥HV-68) (14, 15) , and the human cytomegalovirus (HCMV) TRS1 protein (16) have all been shown to block the formation of autophagosomes through their interactions with the autophagy protein Beclin 1. Beclin 1 is a critical component of several highly regulated complexes that control the formation and maturation of autophagosomes. These viral proteins mimic the inhibitory effect of the cellular form of the Bcl-2 protein family (14) . Another way that viruses could control autophagy would be to manipulate the host's protein synthesis machinery (17) . Indeed, it is interesting that some signaling pathways that regulate autophagy are also known to control protein synthesis (18) . For example, the mTOR kinase included in the mTOR complex 1 (mTORC1) and the eukaryotic translation initiation factor 2␣ (eIF2␣) kinases, which control protein synthesis, are also known to be modulators of autophagy (18) . Activation of mTORC1, by amino acids and growth factors, favors protein synthesis and represses autophagy, whereas activation of eIF2␣ kinases turns off protein translation and stimulates autophagy. All four members of the eIF2␣ kinase family block the initiation of translation by phosphorylating the eukaryotic translation initiation factor eIF2␣ in response to various stress situations (19) . GCN2 is sensitive to amino acid starvation, the PKR-like endoplasmic reticulum kinase (PERK) responds to endoplasmic reticulum stress induced by the accumulation of unfolded proteins, the heme-regulated inhibitor (HRI) is activated in response to heme deficiency, and the interferon (IFN)-induced PKR kinase is activated by doublestranded RNA (dsRNA). PKR is known to be activated by many viruses because dsRNA is a frequent by-product of viral replication or a product of overlapping transcription from the compact genomes of DNA viruses. Moreover, PKR activation blocks viral protein synthesis and, consequently, stifles viral production.
Control of the host's protein machinery is essential for viral replication to occur, and herpesviruses are able to manipulate the mTORC1 and the PKR-eIF2␣ signaling pathways so as to seize control of the protein synthesis machinery (17) . The HSV-1 protein ICP34.5 interacts with the cellular phosphatase PP1␣ to mediate the dephosphorylation of eIF2␣ and thus antagonizes the PKR signaling pathway ( Fig. 1) (20) . ICP34.5 is important in resisting the interferon (IFN)-induced inhibition of protein synthesis. However, HSV-1 encodes a second gene product, the Us11 protein, which is required for translation regulation late in the viral life cycle (21) . Rather than performing redundant functions, it seems that ICP34.5 and Us11 fulfill unique roles at discrete points in the productive replication cycle (22) . Us11 is an abundant viral protein produced late in the viral life cycle (it is a truelate or ␥2 protein) which binds to dsRNA and physically associates with PKR (23, 24) . Us11 can prevent PKR activation in response to either dsRNA or the PKR activator PACT and thereby preclude activation of the PKR/eIF2␣ signaling pathway ( Fig. 1) (23, 25) . Like ICP34.5, Us11 is a multifunctional protein that has been shown to protect HeLa cells from induced apoptosis, to downregulate the IFN-␤ pathway, and to inhibit 2=-5= oligoadenylate synthetase, another IFN-induced antiviral enzyme (26) (27) (28) . In addition, immediate-early expression of Us11 is able to compensate for ICP34.5 and so to counteract the shutoff of protein synthesis in a mutant virus with a deletion of 34.5 genes (⌬34.5 virus) (29) . HSV-1 infection stimulates autophagy by activating the PKR/ eIF2␣ signaling pathway (30); we therefore wondered whether Us11, which inhibits PKR, could also be an antiautophagic protein.
In this study, we investigated the role of Us11 in autophagy regulation by HSV-1. We found that expression of Us11 during viral infection or after ectopic expression is able to counteract the stimulation of autophagy by various different inducers, such as the transfection of dsRNA, in a manner independent of Beclin 1 and mTOR. The inhibition of autophagy by Us11 is dependent on its interaction with PKR. Moreover, the PKR binding domain and the N-terminal region of Us11 are both necessary for its antiautophagic activity.
MATERIALS AND METHODS

Cells and viruses.
HeLa cells were cultured at 37°C under 5% CO 2 in RPMI medium supplemented with 10% fetal calf serum (FCS). Green fluorescent protein (GFP)-LC3 stably transfected HeLa cells (31) were provided by Aviva Tolkovsky (Cambridge Centre for Brain Repair, Cambridge, United Kingdom) and were grown in RPMI medium-10% FCS with 500 g/ml of G418. Wild-type (wt) and PKR-null (PKR ϩ/ϩ and PKR Ϫ/Ϫ , respectively) mouse embryonic fibroblasts (MEFs), kindly provided by B. R. G. Williams (Monash University, Victoria, Australia), were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FCS. The wild-type viruses used in this study were the KOS strain and the F strain of HSV-1 and were propagated in Vero cells. The recombinant viruses R3616 and R5104, which are described elsewhere (21), were a kind gift from Bernard Roizman (University of Chicago, Chicago, IL). R3616 lacks 1,000 bp in the domain of both copies of the HSV-1 ␥ 1 34.5 gene. R5104 derives from R5103 and carries a chimeric DNA fragment containing the Us10 gene and the promoter of the ␣47 gene fused to the coding domain of the Us11 gene. R5103 lacks the ␥ 1 34.5, Us8, -9, -10, and -11 and ␣47 (Us12) genes.
Plasmids. The GFP-LC3 expression vector and LC3 tagged with GFP and monomeric red fluorescent protein (RFP) in tandem (mRFP-GFP-LC3) were kindly provided by Tamotsu Yoshimori (Research Institute for Microbial Diseases, Osaka University, Osaka, Japan) (32) . The GFP-LC3⌬G plasmid was a kind gift from Isei Tanida (Juntendo University School of Medicine, Tokyo, Japan). The Flag-ICP34.5 plasmid was a gift from Bin He (University of Illinois, Chicago, IL) (33) . The Us11 plasmid was constructed by inserting the Us11 open reading frame, amplified from plasmid pRB4766 (29) provided by B. Roizman, into a pCDNA3 expression vector (Invitrogen). Hemagglutinin (HA)-tagged Us11 (HA-Us11) full-length and truncation constructs were made by amplification from the Us11 plasmid with different PCR primers ( Table 1 ). The PCR products were inserted into a pSG5-HA plasmid using EcoRI and BglII restriction enzymes. Transfections were performed using FuGENE HD transfection reagent (Roche), as previously described (16) .
Antibodies. To detect HSV-1-infected cells, we used a murine monoclonal antibody directed against the viral protein ICP0, purchased from Santa Cruz. The murine monoclonal antibody against Us11 was provided by B. Roizman (34) . To detect Flag-tagged ICP34.5 and HA-tagged Us11 PKR stimulation by poly(I · C). Poly(I · C), an artificial dsRNA [poly(I)-poly(C)] purchased from Sigma, was transfected into cells using a liposome-mediated procedure to mimic the intracytoplasmic dsRNA generated during viral replication and to stimulate the PKR/eIF2␣ pathway. Oligofectamine (Invitrogen)-poly(I · C) mixes were prepared according to the manufacturer's instructions and added to cells for 4 h. After poly(I · C) treatment, the cells were fixed or lysed.
HSV-1 infection of HeLa cells. HeLa or GFP-LC3 HeLa cells were grown in RPMI medium supplemented with 10% FCS (plus G418 for the GFP-LC3 cells). HSV-1 in serum-free RPMI medium was added to the cells at a multiplicity of infection (MOI) of 1 for adsorption for 1 h at 37°C. For mock-infected cells, serum-free RPMI medium alone was added to the cells for the same length of time. After the inoculum was removed, the cells were maintained in RPMI medium with 10% FCS, and autophagy was induced for the last 4 h of infection. Starvation-induced autophagy was carried out by culturing the cells in Earle's balanced salt solution (EBSS; Gibco) for 4 h before fixation.
Coimmunoprecipitation assays. To study the interaction between Us11 and Beclin 1, HeLa cells cultured in six-well tissue culture plates were transfected to coexpress Beclin 1 and the various different molecular partners tested (empty vector, HA-Us11, Bcl-2, or Flag-ICP34.5). Forty-eight hours after transfection, the cells were washed with cold, sterile phosphate-buffered saline (PBS) and then lysed at 4°C for 2 h in lysis buffer [20 mM Tris HCl, pH 7.5, 140 mM NaCl, 1 mM EDTA, 2% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate), 10% glycerol]. Lysates were centrifuged at 15,000 rpm at 4°C for 30 min. Supernatants were incubated overnight at 4°C with 20 g/ml of anti-Beclin 1 (BECN1) (sc-10086; Santa Cruz). The immune complexes were then incubated for 2 h at 4°C with 30 l of protein A-Sepharose 4B (GE Healthcare). The immune complexes were successively washed twice with washing buffer 1 (20 mM Tris HCl, pH 7.5, 140 mM NaCl, 1 mM EDTA, 0.5% CHAPS, 10% glycerol) followed by washing buffer 2 (20 mM Tris HCl, pH 7.5, 280 mM NaCl, 1 mM EDTA, 0.5% CHAPS, 10% glycerol). The immune complexes were finally boiled for 5 min in loading buffer (62.5 mM Tris, pH 6.8, 10% glycerol, 1.5% SDS, 0.025% bromophenol blue, 8% ␤-mercaptoethanol) before being analyzed by SDS-PAGE.
Immunoblot analysis. HeLa cells were lysed in 65 mM Tris, pH 6.8, 4% SDS, and 1.5% ␤-mercaptoethanol and incubated at 100°C for 5 min. After SDS-PAGE, the proteins were electrotransferred onto a polyvinylidene difluoride membrane. After incubation in blocking buffer (PBS, 0.1% Tween 20, and 5% bovine serum albumin or nonfat dry milk), the blots were probed overnight with specific antibodies and then incubated with horseradish peroxidase-linked secondary antibodies (Jackson Immunology), followed by chemiluminescent detection, according to the manufacturer's instructions (Immobilon; Millipore). Scanning for quantification was monitored using ImageJ software.
Immunofluorescence analysis. For indirect immunofluorescence, cells were cultured on glass coverslips. Cell monolayers were washed three times with PBS and then fixed with 3.5% paraformaldehyde (PFA) in PBS. The cells were treated with 50 mM NH 4 Cl in PBS for 10 min, permeabilized using 0.2% Triton X-100 in PBS for 4 min, washed twice with PBS, and then incubated for 1 h in PBS containing 0.2% gelatin and then with appropriate primary antibodies diluted in PBS-0.2% gelatin for 1 h. The cells were washed three times and then incubated with appropriate secondary antibodies diluted in PBS-0.2% gelatin. To detect Us11 or Flagtagged ICP34.5 expression, cells were stained with mouse anti-Us11 or rabbit anti-HA and anti-Flag antibodies followed by TRITC-conjugated goat or Alexa Fluor 350 donkey anti-mouse or anti-rabbit secondary antibodies. After cells had been washed three times with PBS, coverslips were mounted in Glycergel (Dako). Specimens were examined using a Nikon Eclipse 80i epifluorescence microscope. Digitized images were stored and overlaid to evaluate two-color experiments.
Statistics. Data are expressed as a means Ϯ standard errors of the means (SEM) of at least three experiments. The statistical significance was assessed by Student's t test.
RESULTS
PKR activation induces autophagy. It had previously been reported that the induction of autophagy by HSV-1 involves activation of the dsRNA-dependent protein kinase PKR via phosphorylation of eIF2␣ (30) . Our hypothesis was that the viral protein Us11 would be able to block autophagy because it inhibits PKR. We therefore wanted to stimulate specifically autophagy via PKR to observe the effect of Us11. However, it has never been reported that stimulation of PKR by its classical inducer, the artificial dsRNA poly(I · C), induces autophagy. To date, three other antiviral cellular proteins have been identified that are able to recognize dsRNA: the two RNA helicases, retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (mda-5), and Toll-like receptor 3 (TLR3), which is present at the cell surface or within endocytic vesicles (35) . Therefore, to find out whether PKR activation had any effect on autophagy, poly(I · C)was transfected into HeLa cells and wt and PKR-null MEF cells using Oligofectamine (Fig. 2) . We confirmed that transfection of poly(I · C) for 4 h in our system led to phosphorylation of eIF2␣ and activation of PKR in HeLa cells ( Fig. 2A) .
To assess the impact of poly(I · C) on the autophagic pathway, different assays monitoring autophagy were first performed in HeLa cells. As shown in Fig. 2B , HeLa cells stably expressing GFP-LC3 that were transfected with poly(I · C) (5 or 10 g/ml for 4 h) displayed increased numbers of GFP-LC3-positive cells with GFP-LC3 dots. Variable sizes of GFP-LC3 dots have been occasionally observed after poly(I · C) treatment. To confirm that these LC3 dots were not LC3-nonspecific aggregates, HeLa cells were transfected with a construct expressing a mutant GFP-LC3⌬G protein, which is unable to conjugate with phosphatidyl-ethanolamine (PE) and therefore unable to associate with the autophagosomal membrane (36) . Cells transfected with GFP-LC3⌬G did not display any punctate staining in response to poly(I · C) treatment (Fig. 2B) , suggesting that the dots formed in the poly(I · C)-transfected cells were not merely the result of aggregation of GFP-LC3.
Monitoring static levels of autophagosomes is not sufficient to elucidate the effects of poly(I · C) on autophagy because an accumulation of autophagosomes in cells can result from either an increase in the rate of their formation or a decrease in their fusion with lysosomes (37) . We therefore analyzed the accumulation of the PE-conjugated form of LC3 (LC3 form II [LC3-II]) by immunoblotting in cells which had or had not been treated with bafilomycin A1, which blocks the maturation of autophagosome and the turnover of LC3-II. We observed similar levels of LC3-II in HeLa cells in the presence and absence of poly(I · C) transfection. However, bafilomycin treatment revealed that the accumulation of LC3-II was higher in the poly(I · C)-transfected cells, which was consistent with conclusion that poly(I · C) stimulates autophagic flux (Fig. 2C) . We confirmed this finding using the tandem mRFP-GFP-LC3 probe (Fig. 2D) . Based on the fact that the GFP signal is quenched in acidic compartments, such as autolysosomes, this probe makes it possible to differentiate between autophagosomes (GFP-positive and RFP-positive [GFP ϩ RFP ϩ ] or yellow puncta) and autolysosomes (GFP-negative [GFP Ϫ ] and RFP ϩ or red puncta) (38, 39) . We observed that transfection with poly(I · C) increased the number of autolysosomes (GFP Ϫ RFP ϩ puncta). These findings clearly indicate that poly(I · C) stimulates the biosynthesis of autophagosomes and the autophagy flux in HeLa cells. To confirm that poly(I · C) stimulates autophagy by activating PKR, we assayed the ability of poly(I · C) to induce autophagy in murine fibroblasts that lack PKR (Fig. 3A) . The number of autophagosomes was increased after poly(I · C) transfection in wt MEFs, but poly(I · C) was not able to stimulate autophagy in PKR-deficient cells. To quantify the autophagic flux, we monitored the accumulation of LC3-II by immunoblotting, with or without bafilomycin. Accordingly, poly(I · C) treatment induces an increase in the autophagic flux in wt MEFs but not in PKR Ϫ/Ϫ cells (Fig. 3B) . The decrease of LC3-II in poly(I · C)-treated wt cells corresponds to a robust autophagic flux. In contrast, the decline of LC3-II in PKR Ϫ/Ϫ cells corresponds to a decrease in autophagosome synthesis because we observed a weak accumulation of LC3-II in the presence of bafilomycin (Fig. 3B) .
During the course of these experiments, we used starvation as a control to induce autophagy in MEF cells (Fig. 3) . To study the regulation of autophagy by starvation in PKR Ϫ/Ϫ cells more accurately, autophagic flux was evaluated by monitoring the number of endogenous LC3 dots in the presence and absence of bafilomycin (Fig. 4) . We observed that the autophagic flux induced by starvation was weaker in PKR Ϫ/Ϫ cells than in wt cells. Bafilomycin treatment, by blocking maturation of autophagosomes, allows us to visualize the total number of autophagosomes synthesized by the cell in response to a stress. We observed that there were fewer LC3 dots after starvation in bafilomycin-treated PKR Ϫ/Ϫ cells than in wt MEFs. These findings suggest that PKR Ϫ/Ϫ cells produce fewer autophagosomes during starvation-induced autophagy and that PKR may play a role in the regulation of autophagy in response to nutrient deprivation.
The viral protein Us11 inhibits autophagy. To study the impact of Us11 on autophagy, we transiently transfected HeLa cells that stably express GFP-LC3 either with a Us11 expression vector or with an empty vector. We then induced autophagy either with poly(I · C) transfection or by starvation for 4 h prior to fixation (Fig. 5A ). Since HSV-1 ICP34.5 has been reported to block autophagy, we used a Flag-tagged ICP34.5 plasmid as a positive control (13) . Us11-and ICP34.5-expressing cells were detected by immunofluorescence using anti-Us11 and anti-FLAG antibodies, respectively, and autophagy was quantified in these cells. As expected, the number of puncta per cell was lower in HeLa cells expressing ICP34.5 than in the control cells, regardless of the autophagy inducers used (Fig. 5A) . Similarly, Us11 blocked autophagy whether this had been induced by poly(I · C) transfection or by nutrient starvation. To find out whether the inhibition of autophagy caused by Us11 led to inhibition of the autophagic flux, we used the tandem mRFP-GFP-LC3 probe (Fig. 5B) . Autophagy was induced in HeLa cells by poly(I · C) or by starvation for 4 h prior fixation. The number of GFP Ϫ RFP ϩ puncta per cell, corresponding to autolysosomes, was clearly lower in cells expressing either ICP34.5 or Us11. These results suggest that Us11 blocked the autophagic flux to the same extent as ICP34.5. To confirm these findings, we analyzed the accumulation of endogenous LC3 dots in cells transfected with the Us11 expression vector by immunofluorescence (Fig. 5C ). There were fewer LC3 dots in cells expressing Us11 than in the control cells, after both poly(I · C) and EBSS treatment. We concluded from these experiments that Us11 blocks both the formation of autophagosomes and the autophagic flux stimulated by starvation or poly(I · C). 
Us11 inhibits autophagy during viral infection.
Wild-type HSV-1 is able to control autophagy, whereas a ⌬34.5 mutant virus clearly induces autophagy in several cell types in a PKR-dependent manner (30) . In addition to stimulating autophagy, the ⌬34.5 mutant virus is known to be neuro-attenuated in mice, to stimulate the TANK binding kinase 1-mediated signaling pathway, and to block host and viral protein synthesis (30, 33, 40) . In a first series of experiments, we examined the expression of Us11 after infection of HeLa cells with the ⌬34.5 mutant virus R3616 (Fig. 6A) . We did not detect Us11 expression at 18 h postinfection (p.i.) although the Us11 gene is present in the genome of this virus. The failure to translate Us11 mRNA has previously been attributed to the cessation of cellular and viral synthesis (22) . Thus, it is possible that the failure of HSV-1 R3616 to express Us11 contributes to the observed phenotype regarding autophagy.
In order to investigate the role of Us11 in blocking autophagy in the context of viral infection, we used another previously described HSV-1 ⌬34.5 mutant virus (R5104) in which the Us11 gene, which is normally expressed with late kinetics, is expressed under the control of the ␣47 promoter (29) . As a result, Us11 is expressed in this mutant as an early protein and so can compensate for the lack of ICP34.5 with regard to protein synthesis shutoff (21, 29) . We wanted to find out whether Us11 can also replace the antiautophagic activity of ICP34.5 in this context of viral infection. We first verified the pattern of expression of Us11 (Fig. 6A ) and the inhibition of eIF2␣ phosphorylation (Fig. 6B) after infection of HeLa cells with R5104. We then analyzed the levels of LC3-II by Western blotting after infection with these three different viruses, wt HSV-1, R3616, and R5104 (Fig. 6C) . LC3-II was notably increased after infection with the ⌬34.5 mutant virus (R3616), whereas the level of LC3-II in cells infected with R5104, in which Us11 is expressed early in infection, was similar to that in wt HSV-1-infected cells (Fig. 6C) . We also performed a kinetic analysis of autophagy in GFP-LC3 HeLa cells infected with these three viruses (Fig. 6D) . Infected cells were identified by their expression of the viral protein ICP0. The number of GFP-LC3-positive cells with GFP-LC3 dots remained low in mock-infected cells and in cells infected with wt HSV-1 during the course of infection, which was consistent with the ability of wt virus to control autophagy. In contrast, and as expected from a previous study (30) , GFP-LC3-positive cells increased significantly after R3616 infection. Finally, the number of positive cells was low in R5104-infected cells. In fact, this virus is as effective as wild-type HSV-1 in blocking autophagy throughout the course of infection, even in the absence of ICP34.5 protein expression (Fig. 6D) . We also evaluated autophagy in HSV-1-infected cells after autophagy had been induced by poly(I · C) transfection (Fig. 6E) . Autophagy was induced after poly(I · C) treatment in mock-infected cells and after infection with the mutant virus R3616 but was blocked by wild-type HSV-1 infection. Once again, R5104 was able to control autophagy as well as the wt HSV-1 virus, even after PKR-induced autophagy and even in the absence of ICP34.5. We observed the same results after starvation-induced autophagy (data not shown). Taken together, these results showed that Us11 is able to inhibit autophagy when induced by viral infection, by PKR activation, or by starvation.
Us11 inhibits autophagy in a PKR-dependent manner. To investigate the impact of PKR on the ability of Us11 to inhibit autophagy, assays were performed in murine fibroblasts lacking PKR. HSV-1 ICP34.5 was used as a control. PKR ϩ/ϩ and PKR Ϫ/Ϫ cells were transiently cotransfected with GFP-LC3 and either Us11 or a Flag-tagged ICP34.5 expression vector, and autophagy was induced by starvation. Us11-and ICP34.5-expressing cells were identified using the anti-Us11 or anti-Flag antibody, respectively, and GFP-LC3 dots were quantified in those cells (Fig. 7A) . As previously reported, ICP34.5 blocked autophagy independently of the expression of PKR (13, 16) . In contrast, Us11 was unable to inhibit autophagy in PKR-deficient cells (Fig. 7A) . These results suggest that Us11 inhibits autophagy in a PKR-dependent manner. Interestingly, starvation induced a greater accumulation of autophagosomes and a greater autophagic flux in wt PKR cells than in PKR Ϫ/Ϫ cells (Fig. 4) . These results suggest that two signaling pathways emanating from PKR and mTORC1, respectively, may contribute to the regulation of starvation-induced autophagy. Us11 probably acts only on the PKR-dependent component of starvation-induced autophagy.
Us11 contains a PKR-binding domain located in a 30-aminoacid stretch close to the C terminus (between amino acids 91 and 121) and a PKR substrate domain adjacent to this domain, with three identified phosphorylation sites (Fig. 7B) (23) . The carboxylterminal half of Us11 contains an arginine/proline-rich RNA binding domain (Fig. 7B) (41) . In order to delineate the domain of Us11 responsible for inhibiting autophagy, we made serial truncations of Us11 from the carboxyl and the amino termini ( Fig. 7B  and C) . HeLa cells stably expressing GFP-LC3 were transiently transfected with the various different constructions of Us11 or an empty vector, and autophagy was monitored after activating PKR by poly(I · C) transfection (Fig. 7D) . We observed that Us11 consisting of residues 1 to 91 [Us11(1-91)] was unable to counteract the stimulation of autophagy, showing that the carboxyl-terminal half of the Us11 protein is necessary for autophagy inhibition. However, the reduction in the number of GFP-LC3 dots after transfection with Us11(1-121) was the same as after transfection with full-length Us11. Thus, the region of amino acids 91 to 121 (which corresponds to the PKR-binding domain of Us11) seems to be required for autophagy inhibition to occur. Although this region is included in the RNA-binding domain (mapped to amino acids 91 to 152), it has previously been reported that a truncated form of Us11 protein at amino acid 123 (⌬123-152) is not able to bind RNA (41) . These findings suggest that the PKR-binding domain of Us11 is necessary for autophagy inhibition to occur, whereas the binding of Us11 to RNA is not. Surprisingly, truncations of Us11 containing amino acids 40 to 152, 66 to 152, and 90 to 152 also failed to inhibit poly(I · C)-induced autophagy, suggesting that the inhibition of autophagy by Us11 also requires the N-terminal region (residues 1 to 40) of Us11. So far, no known cellular proteins have been reported to interact with the N-terminal region of Us11. Nevertheless, several herpesvirus proteins, such as HSV-1 ICP34.5 and human cytomegalovirus (HCMV) TRS1 (13, 16) , are known to interact with Beclin 1, a protein involved in the autophagy machinery. Following on from these observations, we wondered whether Us11 interacts with Beclin 1. The results are the means of three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01 (t test).
Us11 does not block autophagy by inhibiting Beclin 1 or mTOR.
In order to find out whether Us11 interacts with Beclin 1, we performed a coimmunoprecipitation experiment involving HA-tagged Us11 and Beclin 1 plasmids (Fig. 8A) . We did not observe any binding of Beclin 1 to Us11, whereas a clear interaction was observed with two known partners of Beclin 1: Bcl-2 and ICP34.5. Many herpesviruses, such as HSV-1 or HCMV, stimulate mTOR kinase, promoting 4E-BP1 phosphorylation, viral protein synthesis, and viral replication (17) . Since activation of mTOR downregulates autophagy, we went on to investigate whether Us11 blocks autophagy via mTOR, which would mean that PKR might signal upstream of mTOR. Because starvation inhibits mTOR activity, we studied the modulation of mTOR after expression of Us11 and starvation by studying the phosphorylation of two of its substrates: 4E-BP1 and p70S6K. We observed that starvation induced rapid dephosphorylation of 4E-BP1 and p70S6K in both PKR ϩ/ϩ and PKR Ϫ/Ϫ cells (Fig. 8B) . Our results showed that the mTOR signaling pathway was inhibited by nutrient deprivation, independently of PKR. Expression of Us11 did not modify the level of phosphorylation of 4E-BP1 or of p70S6K in MEF PKR ϩ/ϩ cells subjected to starvation even though Us11 blocked starvation-induced autophagy in these cells (Fig. 7A) . These findings show that Us11 inhibits autophagy independently of mTOR.
DISCUSSION
Previous studies have shown that wild-type HSV-1 is able to control autophagy in neurons and in fibroblasts, whereas a mutant virus lacking the genes encoding ICP34.5 stimulates autophagy in a PKR/eIF2␣-dependent manner (30) . It has been shown that the ICP34.5 protein, already known to form a complex with the protein phosphatase PP1␣ to dephosphorylate eIF2␣, thus reversing the effect of PKR, is an antiautophagic protein. However, the main target of ICP34.5 in the autophagic machinery is Beclin 1 (13, 20) . The ICP34.5 protein deleted of the Beclin 1 binding domain (ICP34.5 ⌬68-87) interacts with PP1␣ and overcomes the inhibition of protein synthesis but does not block autophagy (13) . Interestingly, HSV-1 encodes Us11, a protein that also counteracts the host translation shutoff (29) . Us11 precludes the phosphorylation of eIF2␣ via a direct inhibition of PKR during viral infection (23) . PKR-Us11 interaction is RNA dependent and requires a 30-amino-acid domain within the carboxyl-terminal RNA binding domain of the Us11 protein (23) . However, the status of Us11 with regard to autophagy was unknown prior to this study. Our working hypothesis was that one of the functions of Us11 might be to inhibit the induction of autophagy by interacting with PKR. Interestingly, Us11 mRNA is not translated in cells infected with a ⌬34.5 HSV-1 mutant because of the shutoff of protein synthesis (Fig. 6) (22) . Our results demonstrate that the stimulation of autophagy observed in cells infected with ⌬34.5 HSV-1, previously ascribed solely to the lack of ICP34.5, actually results from the combined loss of both ICP34.5 and Us11 functions.
In this study, we provide evidence that Us11 antagonizes the host's autophagy response. Ectopic expression of Us11 leads to a blockade of autophagy, characterized by significant decreases in the numbers of both autophagosomes and autolysosomes (Fig. 5) . This inhibition at an early step of autophagy is similar to the inhibitory effect of the other antiautophagic protein of HSV-1, ICP34.5. In a viral context, immediate-early expression of Us11 in a mutant virus in which 34.5 genes have been deleted restores the control of autophagy to a level similar to that of wild-type HSV-1.
We next investigated the mechanism of action of Us11. Us11 did not interact with Beclin 1 and did not inhibit the mTORC1 signaling pathway. In line with previous results demonstrating that Us11 binds to PKR and prevents its activation in the context of viral infection (23, 42) , we showed that interaction of Us11 with PKR is required to block autophagy. Moreover, the PKR binding domain of Us11, located at its carboxyl-terminal region, was necessary for the inhibition of autophagy. We thus demonstrated that interaction of Us11 with PKR is necessary for autophagy to be inhibited, probably by blocking PKR activity. One other hypothesis, which we would like to test in the future, is that Us11 needs PKR to be phosphorylated and to act as an antiautophagic protein.
We were surprised to discover that the first 40 amino acids of the amino-terminal region also seemed to be essential for this activity. ϩ/ϩ and PKR Ϫ/Ϫ MEFs were transfected with empty vector or Us11 for 24 h and grown in starvation medium (EBSS) for 4 h. Cells were analyzed for mTOR activity by immunoblotting for levels of phosphorylated 4E-BP1 (4E-BP1-P), total 4E-BP1, phosphorylated p70S6K (p70S6K-P), and total p70S6K. NT, not transfected.
To date, no interaction between this region of Us11 and a cellular protein has been identified. Us11 shuttles between the nucleus and the cytoplasm (43) , and infection by two herpesviruses, HCMV and murine cytomegalovirus, causes the sequestration of PKR in the nucleus (44, 45) . We observed that a similar relocalization occurs in HSV-1-infected cells and that this depends on Us11 expression (data not shown). Redistribution of PKR from the cytoplasm to the nucleus by Us11 may prevent the interaction of activated PKR with cytoplasmic eIF2␣. It would be interesting to test whether the N-terminal domain of Us11 could be involved in this relocalization since no classical nuclear localization signal (NLS) has so far been identified in Us11 (46) . However, it has been reported that Us11 contains both a constitutive nucleolar retention signal (NoRS) and a nuclear export signal (NES), both of which are located between amino acids 88 and 125 (46) . PKR is an antiviral protein which acts via numerous effectors. The effects of PKR activation are known to alter cellular translation, to induce apoptosis, and to activate nuclear factor-B (NF-B) (47) . For these reasons, PKR activation can be counteracted by numerous viral proteins from different families (48) . For example, the vaccinia virus E3L protein is capable of inhibiting PKR by sequestrating dsRNA, and the influenza virus nonstructural protein NS1 blocks the kinase activity of PKR (48) . As shown by Tallozcy et al. in 2002, activation of the PKR/eIF2␣ signaling pathway during ⌬34.5 HSV-1 infection leads to stimulation of autophagy (30) . We report here that activation of PKR by a classical inducer of PKR, the transfection of poly(I · C), clearly induces a stimulation of the autophagic flux in a PKR-dependent manner. A long-standing hypothesis proposes that viral proteins that block the PKR/eIF2␣ signaling also modulate autophagy (49). TRS1 and IRS1, which are both HCMV viral proteins, directly interact and block PKR (50) . Nevertheless, we have demonstrated that TRS1 inhibits autophagy in a PKR-independent manner and via its interaction with Beclin 1 (16) . In a similar manner, ICP34.5 binds to Beclin 1 and inhibits its autophagy function; its mechanism of action does not seem to rely on the dephosphorylation of eIF2␣ (13) . However, it is tempting to speculate that other antiautophagic viral proteins may act through their effects on the PKR/ eIF2␣ signaling pathway.
Recent data have shown that, among its numerous functions, Us11 binds to RIG-I and mda-5 helicases, two cellular antiviral proteins involved in viral dsRNA recognition, and inhibits their downstream signaling pathway (28) . Moreover, it has recently been reported that stimulation of mda-5 by poly(I · C) induces autophagy in cancer cells (51) . It would therefore be interesting to explore the relationships between autophagy, mda-5, and Us11. Indeed, another way that Us11 might block autophagy could be through its interaction with mda-5. However, the fact that Us11 does not inhibit autophagy in the absence of PKR (in PKR-deficient MEFs) suggests that interaction between Us11 and PKR is mandatory to counteract autophagy stimulation during viral infection.
We were both surprised and interested to observe that Us11 was also able to partially block autophagy induced by nutrient starvation (Fig. 5) . Amino acid deprivation is known to stimulate autophagy via the inhibition of mTOR (52); however, we have shown here that Us11 does not modulate mTOR activity. Moreover, the eIF2␣ kinase GCN2 senses amino acid deficiency, but no interaction between Us11 and GCN2 has been reported. We note that PACT, a cellular activator of PKR that acts in an RNA-independent manner, is activated by growth factor deprivation and that Us11 can block PKR activation by PACT (25) . In addition, it has recently been reported that PKR senses and responds to nutrients and to endoplasmic reticulum stress (53) . These data suggest that the regulation of PKR by nutrients is underestimated and that, in addition to its function as a viral sensor, PKR is also able to sense various stresses. Finally, it is not very surprising to find that stimulation of autophagy by starvation might be blocked by Us11 because part of the starvation-induced autophagy is PKR dependent.
Why does HSV-1 need at least two different proteins, Us11 and ICP34.5, to control autophagy during viral infection? It is interesting that these two proteins also have similar functions with regard to the restoration of host protein synthesis during viral infection by interacting with PKR and PP1␣, respectively (20, 23) . The viral proteins Us11 and ICP34.5 are equally capable of inhibiting translational arrest by host defenses. Initially, it was proposed that these two proteins encode redundant functions, that Us11 represents an archaic version present in the genome, and that during evolution, HSV-1 acquired the ␥ 1 34.5 gene, which may encode a more efficient inhibitor of the PKR/eIF2␣ pathway (29) . More recently, it has been proposed that, since ICP34.5 is a ␥ 1 protein (i.e., it does not require viral DNA replication to be expressed) and since Us11 is a ␥ 2 protein (i.e., one which does require viral DNA replication to be expressed), these two proteins may act successively at discrete times during the replication cycle (22) . It is only after viral replication has occurred that Us11 emerges as a major regulator of PKR during the late phase. We propose that, in a similar manner, these two proteins could successively block autophagy during the viral life cycle. A ⌬Us11 mutant virus has a clear phenotype late in the infectious program (22) . Lower translation rates at late times postinfection and decreased viral replication have been observed in cells infected with a ⌬Us11 mutant virus compared to those infected with a wild-type virus. It has been suggested that the Us11 protein acts late in infection to antagonize PKR activation in response to the copious levels of dsRNA produced in virus-infected cells (22) . It will be interesting to assess the capacity of Us11, expressed in its natural context as a true-late gene, to preclude virus-induced autophagy.
The fact that HSV-1 encodes two antiautophagic proteins strongly suggests that autophagy has an antiviral effect against HSV-1. Autophagy is thought to protect the cell against intracellular pathogens by engulfing and degrading microorganisms using the autophagy machinery in a process termed xenophagy (11) . HSV-1 may inhibit autophagy in order to evade xenophagy (54) . In addition, a mutant virus which is unable to control autophagy because it lacks the Beclin 1 binding domain of ICP34.5 has a growth defect in the brains of mice (13) . However, autophagy does not limit viral growth in vitro since HSV-1 replicates at the same rates in autophagy-deficient and wild-type cells (55) . It has also been proposed that the inhibition of autophagy by HSV-1 contributes to its neurovirulence as a result of an interaction between the viral protein, ICP34.5, and Beclin 1 (13) . ⌬34.5 mutant viruses are incapable of efficient replication after being directly inoculated into the central nervous system and do not cause encephalitis; however, the neurovirulence and protein synthesis functions of ICP34.5 are discrete and separable (40) . Moreover, a virus containing a mutation in ICP34.5 that abrogates binding to Beclin 1 is neuro-attenuated in mice (13) . We report in this study that a ⌬34.5 mutant virus that expresses Us11 as an immediate-early protein is able to control autophagy in vitro. It will be interesting to test this mutant virus for its neurovirulence in vivo. However, a spontaneous compensatory HSV-1 mutant obtained through serial passage selection, and equivalent to R5104 virus, does not restore the virulence phenotype of the wild-type virus in mice (56) . It would therefore also be important to find out whether the expression of Us11 in these two compensatory ⌬34.5 mutant viruses modulates autophagy in vivo.
